Perceived visual directions are derived from combining retinal signals and oculomotor signals. Up to now the general belief is that the oculomotor signals of the two eyes are first pooled before they become available for perception of depth and direction. In this sense the eyes are believed to act together as one unit known as the cyclopean eye. This study, however, shows that during monocular viewing in daylight conditions, the perceived directions of objects are indicated by their retinal locus in combination with the angular position of the viewing eye only, the angular position of the closed eye being irrelevant. This result indicates that in binocular vision the integration of left and right eye signals first occurs after retinal and oculomotor signals have been integrated of each eye separately. This conclusion challenges the prevailing concept of cyclopean vision and current views about stereoscopic depth perception.
Introduction
Integration is a typical feature of binocular vision, not only of retinal signals from the two eyes but also signals that indicate the angular positions of the eyes in the head. It is clear from recent psychophysical studies that all these signals are combined in stereoscopic depth perception (Rogers & Bradshaw, 1995; Bradshaw, Glennerster & Rogers, 1996; Backus, Banks, van Ee & Crowell, 1999) . It is already known for more than a century that retinal and eye-in-head signals signals are combined in perception of binocular direction (Hering, 1879 (Hering, /1942 . However, little is known about how these signals are combined in binocular perception of depth and direction. The present psychophysical study addresses this question by studying the perceived directions of objects during monocular viewing. The rationale for undertaking the study was that this asymmetrical viewing condition might put constraints on how the different signals are combined in binocular vision.
We are able to judge the directions in which we see objects relative to each other (allocentric judgements) and relative to ourselves (egocentric judgements). Because the orientations of the eyes vary relative to the head, judgements of direction made with respect to the head (called visual directions) require that we combine two types of signals, namely retinal and oculomotor signals. Retinal signals indicate the angular position of the object relative to the visual axis of the eye (defined as the line between the fixation point and the fovea). Oculomotor signals indicate the angular position of the eye in the head. Theoretically, retinal and oculomotor signals can be combined in a number of ways. However, the laws of visual direction, formulated by Hering (1879 Hering ( /1942 and reformulated in a more comprehensive way by Ono (1991) , Howard and Rogers (1995) and van de Grind, Erkelens and Laan (1995) , describe how retinal and oculomotor signals are combined in human vision. The laws prescribe that visual directions follow from the angular positions of the two eyes and not merely from the angular position of the dominant eye or the eye that happens to be seeing the object. This property of visual direction is supported by a number of experimental findings (Ono, Wilkinson, Muter & Mitson, 1972; Ono & Gonda, 1978; Ono & Weber, 1981; Park & Shebilske, 1991) . larly visible objects). Fig. 1 shows the different viewing conditions and the consequences of eye movements for visual directions. Eye movements do not affect the visual directions of binocularly visible objects, because a change in angular eye position is always accompanied by an angular shift of the retinal image of the same size in the opposite direction. Contrastingly, eye movements do affect the visual directions of monocularly visible objects, because a change in angular position of the eye that does not view the object changes the oculomotor signal but not the retinal signal. The fact that the visual direction of a monocularly visible object depends on ocular vergence is known as the cyclopean illusion (Hering, 1861; Enright, 1988) and has been reported in many studies (Ono, 1991) . Fig. 1a is an illustration of this illusion. The monocular dot and the binocular square are seen in the same (horizontal) direction because their retinal images occupy the same (horizontal) position in the left eye. Changing the distance of the binocularly fixated square relative to the left eye, but not the direction, changes the visual direction of the square and the dot, despite their stationary images and the stationary angular position of the left eye.
The laws of visual direction do not make a distinction between binocular viewing of monocularly visible objects (Fig. 1a ) and monocular viewing (Fig. 1b) . And indeed, the cyclopean illusion has also been observed during monocular viewing (Ono & Gonda, 1978; Ono & Weber, 1981; Park & Shebilske, 1991) . The interpretation of this observation is that the angular positions of both eyes contribute to perceived direction during both binocular and monocular viewing. In other words. it is assumed that the eyes act as a single sensor providing only pooled information about their angular positions to the visual system. However, I present two informal observations that challenge the generality of this interpretation.
Observation 1: Fixate a bead (F) that can move along the path AB that is aligned with the right eye Since visual directions are defined relative to the head, it would be reasonable to suppose that eye movements never affect visual directions. However, the laws of Hering predict that visual directions do depend on eye movements in specific viewing conditions. To understand why and when this occurs, it is important to realise that there are two eye-related viewing conditions (binocular and monocular viewing) and two stimulusrelated viewing conditions (binocularly and monocu- (Fig. 2a) . Now move the bead slowly from A to B. The laws of visual direction predict that, if binocular fixation is accurate, the version angle of the eyes and thus the visual direction of the bead will turn to the right. In the example shown in Fig. 2 it changes by almost 15° (  Fig. 2b) . This considerable change in visual direction is clearly experienced during binocular viewing. When the bead is located at A, it is seen in a direction left of straight ahead. During the bead's approach to B, the observer experiences that it moves to the right. The sensation is very different in monocular viewing by the right eye. Positioned at A, the bead is seen left of straight-ahead just as during binocular viewing. However, the movement of the bead from A to B is judged as a pure approach without any change of direction.
Observation 2: Write the letters L, C and R from left to right on a piece of paper with a spacing of about 3 cm between the letters. Look at the letters from a distance of about 30 cm and hold your head so that the letter C is seen in the straight-ahead direction. Now, if you close one eye the letter C does not appear straight ahead anymore. Immediately after closure of the left (right) eye, the letter R (L) is seen more or less straight ahead. The effect becomes stronger for smaller viewing distances. The shift in visual direction does not occur if C is seen straight ahead during binocular viewing and the letters C and R (C and L) are suddenly occluded to the right (left) eye by a piece of paper.
These two observations suggest that the angular position of the closed eye is irrelevant for the direction in which objects are seen. If true, this suggestion would invalidate one of the laws of Hering and would have important consequences for the way in which retinal and oculomotor signals are combined in binocular vision.
There may be three reasons why the qualitative observations 1 and 2 differ from the previous reports: (1) the present observations were made in daylight, in which objects were viewed against a full-field background. In the previous studies, the visual direction of a single target was judged in a further dark room. In such conditions the difference in illumination of the viewing and non-viewing eye is much smaller than in daylight conditions. A substantial difference of luminance may be required to suppress the oculomotor signals of the closed eye; (2) previous studies used occluders to block viewing. The present observations were done while one eye was closed. It is possible that the act of closing one eye plays a role in the suppression of oculomotor signals; and (3) in the interpretation of the observations I assumed that vergence changed accurately and appropriately during tracking of the bead in observation 1, and that vergence did not change immediately after switching from binocular to monocular viewing in observation 2. The laws of Hering might still be correct in their predictions if this assumption would be wrong. The validity of the assumptions can only be verified by measuring the eye movements.
The goal of the present experiments is to measure the eye movements of subjects while they are judging the visual direction of targets during binocular and monocular viewing in daylight and complete darkness.
Methods

Subjects
Twelve subjects participated in the experiments (ages between 26 and 48 years). None of them showed any visual or oculomotor pathologies other than refraction anomalies. The subjects had normal or corrected-tonormal visual acuity. They were checked for normal stereopsis by means of partially decorrelated randomdot test stereograms (Julesz, 1971) . Two of the subjects were experienced in stereoscopic experiments.
Apparatus
The subjects sat in front of a large screen (distance 100 cm) and viewed the stimuli in a room that was otherwise dark. Random-dot patterns of various sizes were generated by an Apple Macintosh IM personal computer (refresh rate 66.7 HZ, monitor resolution 640× 480 pixels) and back-projected on to a translucent screen by a Barco Data 800 projection television. The screen measured 1.9× 2.4 m. Two LEDs were placed in front of the screen on an optical rail. The rail was positioned such that the LEDs were aligned with one eye (a small vertical misalignment was introduced so that the near LED was seen just below the far LED). One LED was placed at the fixed distance of 30 cm from the head. The other LED could slide along the rail so that it was between 15 and 28 cm from the head. The diameter of the LEDs was 2 mm, corresponding to 22 arc min at a viewing distance of 30 cm and to 46 arc min at a distance of 15 cm.
The angular positions of the two eyes were measured with scleral sensor coils (Skalar Delft, The Netherlands) connected to an electromagnetic system for recording eye movements (Skalar S3020) based on amplitude detection. The dynamic range of the recording system was from d.c. to better than 100 Hz (3 dB down), noise level less than 9 3 arc min and deviation from linearity less than 1% over a range of 9 25°. The horizontal and vertical components of the angular eye positions were measured at a sampling rate of 500 Hz with a National Instruments 12 bits NB-MIO 16 h analogue-to-digital converter. The subjects head was kept steady by a head rest in combination with a bite-board. In the off-line analysis, angular eye positions recorded in calibration trials were used to calibrate the signals in all trials. Ocular vergence was calculated by subtracting the horizontal positions of the right eye from those of the left eye. Target vergence was calculated by subtracting the angular position of the target viewed by the right eye from that viewed by the left eye.
Procedure
Experiment 1 was a control experiment to check whether each subject was able to experience the cyclopean illusion during binocular viewing. The two LEDs were lit in a room that was otherwise dark. The LEDs were aligned with one of the eyes. The subject viewed the near LED with both eyes. An occluder was used to prevent the far LED from being viewed by the eye with which the LEDs were not aligned. The stimulus condition is shown in Fig. 1a where the LEDs are aligned with the left eye, the binocularly viewed LED is indicated by the square and the monocularly viewed LED is indicated by the dot. There were two fixation conditions. Each subject was first asked to alternate fixation between the two stationary LEDs and secondly to fixate the near LED while the experimenter slid it slowly along the rail. In either condition the subject reported whether he or she experienced the cyclopean illusion. The experiment was repeated in a normally illuminated room.
The stimulus configuration of experiment 2 was identical to that of experiment 1, but now only one eye viewed the LEDs, namely the eye with which the two LEDs were aligned (Fig. 1b) . Viewing by the nonaligned eye was blocked in two ways: (1) by an occluder in front of the eye; and (2) by active closure of the eye. If a subject had trouble in keeping the non-aligned eye closed, he or she was allowed to touch softly the eyelid with one finger. Eye movements were measured during both methods of occlusion to see whether eye closure affected the movements. The subject reported whether he or she experienced the cyclopean illusion. The experiment was repeated in a normally illuminated room.
In experiment 3 the non-aligned eye was occluded in two ways, as in experiment 2. However, the far LED was replaced by a circular random-dot pattern on the screen. The threshold (diameter of the pattern) at which the cyclopean illusion disappeared was measured by the method of constant stimuli. In subsequent presentations the diameter of the pattern was randomly selected between 1 and 40°. The subject was asked to alternate fixation between the pattern and the near LED. The subject reported whether he or she experienced the cyclopean illusion. After the judgement the subject fixated the LED while it moved slowly along the rail. Again, the subject reported about the cyclopean illusion.
The eye movements were measured in experiments 1 and 2 in all viewing conditions. The results were such that it was not necessary to record the eye movements in experiment 3.
Results
Experiment 1: binocular 6iewing
After a few shifts of fixations between the two stationary LEDs, the 12 subjects reported seeing the cyclopean illusion in the binocular viewing condition (Fig.  1a) . Two inexperienced subjects were initially confused by what they saw. The reason for their confusion was that during the fixation of the far, monocularly viewed LED, the near LED was seen double and the far LED was aligned with one of the images of the near LED. In this respect the second method, binocular fixation of the near LED that moved smoothly along the rail, induced the illusion in a much more compelling way. The position of the monocularly viewed far LED remained unchanged relative to that of the binocularly viewed near LED, but the visual direction of both LEDs changed horizontally. The direction of change depended on the direction of motion of the near LED and the eye with which the LEDs were aligned. The subjects reported that both LEDs turned to the left when the LEDs were aligned with the left (right) eye and the near LED moved towards (away from) the head. The two other combinations of alignment and direction of movement induced rotations to the right. The cyclopean illusion was compelling both in darkness and in daylight.
Experiment 2: monocular 6iewing
When the LEDs were viewed by the aligned eye only, the two methods, refixation of the stationary LEDs and tracking of the moving LED, gave very similar results. The method of occlusion, using the occluder or closing the eye, did not affect visual perception. The individual subjects reported different experiences in the dark viewing condition. Four subjects experienced the cyclopean illusion, although they judged the illusion to be much weaker than during the binocular viewing condition of experiment 1. Eight subjects did not experience the illusion. For them the visual direction of the two LEDs remained unchanged during refixation of the stationary LEDs as well as during tracking of the moving LED. None of the subjects experienced the illusion when the room was illuminated.
3.3. Experiment 3: 6iewing of the target against a monocular background Experiment 3 was conducted only by the four subjects who experienced the cyclopean illusion during subjects were so clear in answering this question that I decided not to measure the eye movements of the eight other subjects. In general, the amplitudes and the speeds of the eye movements were similar in binocular and monocular viewing conditions. The important conclusion from this result is that eye movements do not explain the absence of the cyclopean illusion during monocular viewing.
The eye movements were measured in darkness and in daylight viewing conditions. Fig. 3 shows the eye movements made in daylight. In this condition all subjects experienced the cyclopean illusion during binocular viewing, whereas none experienced it during monocular viewing. Fig. 3 shows four sets of representative eye movements made by a naïve subject and by me, two sets while we alternated fixation between the stationary LEDs and two sets while we tracked the oscillating LED, one pair during binocular and the other during monocular viewing. My eye movements are shown here because they can be compared with previous vergence responses during binocular and monocular viewing Erkelens, van der Steen, Steinman & Collewijn, 1989) . Another reason for showing my eye movements is that because of my age (48 years) the accommodative power of my eye lenses is considerably reduced (near point of 30 cm), a fact which might have negative effects on vergence responses during monocular viewing. Fig. 3 shows that the eye movements were almost equally large during binocular and monocular viewing. This result was also observed in the three other subjects, which shows that deteriorated accommodation hardly affected the voluntary vergence responses during monocular viewing.
In the stepping paradigm, in which the subjects alternately fixated the two stationary LEDs, the two LEDs were placed at 15 and 30 cm from the subjects head corresponding to angles of target vergence of 23 and 12°, respectively. In the tracking paradigm the maximum excursion of the oscillating LED, expressed in target vergence, was close to 10°. The eye movements showed a characteristic pattern when binocular fixation stepped between the LEDs during binocular viewing (Fig. 3, left upper panel) . The non-aligned eye made large saccades whereas the aligned eye made smaller saccades followed by smooth movements, which reestablished the original line of sight. The differences between the movements of the two eyes were even larger then measured previously in slightly less asymmetrical stimulus conditions . During tracking the aligned eye hardly moved whereas the non-aligned eye made large oscillatory movements (Fig. 3, upper right panel) . Peak-to-peak amplitudes were generally larger than 9°.
Blocking vision by an occluder or by closing the eye hardly affected the eye movements. No systematic difmonocular viewing of the LEDs in further darkness. The purpose of this experiment was to examine how these subjects differed from the other subjects. As in experiment 2, the method of occlusion did not have an effect on the results. Table 1 shows the mean values of the background diameters measured with both methods of occlusion in separate sessions. The first and third columns of Table 1 show the thresholds of the cyclopean illusion during voluntarily changing fixation between the LED and the background. The second and fourth columns show the thresholds measured in the tracking paradigm. In each subject the cyclopean illusion disappeared when the background exceeded a certain size. In the individual subjects the threshold diameter ranged between 2 and 15°. No systematic differences were found between the thresholds measured during stepping and tracking. The LED was also presented binocularly to check the effect of the large background on the cyclopean illusion during binocular viewing. If both eyes viewed the LED but so that the non-aligned eye did not view the background, all four subjects clearly experienced the illusion even for backgrounds much larger than the threshold. The results of this experiment show that the four subjects did not respond essentially different from the other subjects in experiment 2. These four subjects only have different thresholds at which the cyclopean illusion disappears.
Eye mo6ements
The eye movements of four subjects were measured in experiments 1 and 2 in separate sessions. The purpose of these recordings was to see whether vergence movements were present in experiment 1 and almost absent in experiment 2, because if this would be the case the different eye movements would explain the absence of the cyclopean illusion in monocular viewing conditions. The recorded eye movements of the four ferences were found in the movements of the occluded eye or in those of the viewing eye. During monocular viewing the eye movements were more irregular although not much smaller than during binocular viewing. During stepping the closed eye made large movements between 6 and 9° (Fig. 3, left lower panel) . The movements were slower than the predominantly saccadic movements during binocular viewing. The aligned viewing eye made only small saccades. During monocular tracking (Fig. 3, right lower panel) the eye movements hardly differed from those during binocular tracking (Fig. 3, right upper panel) . In general, the movements of the non-viewing eye were slightly smaller than those of the non-aligned eye during binocular viewing. The peak-to-peak amplitudes ranged between 4 and 8°. In two subjects the baseline of the monocular responses was not completely stable but showed a trend towards smaller vergence angles (Fig. 3, left lower  panel) . Generally, vergence drifted only a few degrees during the 10 s periods of the recording. If drift occurred the amplitudes of the responses tended to become slightly smaller over time.
Discussion
Signals in6ol6ed in monocular 6iewing
The judgements of the subjects in the different experiments clearly showed that the directions in which they experienced monocularly visible objects were different during binocular and monocular viewing. All subjects vividly experienced the cyclopean illusion during binocular viewing. None experienced the illusion during monocular viewing of monocular targets against a large background. The results were mixed if the targets were viewed in a further dark room. Four subjects experienced the illusion although weakly and eight subjects did not. Comparison of the eye movements made during binocular and monocular viewing showed only minor differences. They do not explain the considerable perceptual differences. The large oscillations of vergence of up to 10°in combination with the stationary angular position of the viewing eye (experiments 1 and 2) should have resulted in directional oscillations of about 5°. These oscillations were clearly seen during binocular viewing but went fully unnoticed during monocular viewing. Experiment 3, in which the monocularly viewed LED was replaced by a larger background, showed that the illusion was absent if viewing was monocular and the stimulus was sufficiently strong. Size and luminance flux of the background covaried in experiment 3 so that the results do not tell which of the two parameters is relevant for the suppression of signals of the non-viewing eye. The method of occlusion appeared to be irrelevant for the illusion, so that signals related to eye closure are probably not involved in this suppression.
The conclusion that follows from the experimental results is that, if one eye is closed, the visual directions of objects are indicated by the positions of their retinal image and the angular position of the viewing eye only. judged to be on the common axis (defined as the mean angular positions of the eyes relative to the head). The present results argue against this possibility because they show that pooling of oculomotor signals does not occur during monocular viewing. The observation that oculomotor signals of the individual eyes are available for visual perception indicates that retinal and oculomotor signals are combined in another way. It suggests that the retinal and oculomotor signals can be combined of each eye separately (Fig. 4b) .
As was mentioned in the introduction section, eye movements do not interfere with the visual directions of binocularly visible objects. The present results show that eye movements do neither interfere with visual directions during monocular viewing. Thus, by exclusion we can conclude that eye movements only interfere with monocularly visible objects during binocular viewing. The use of nonius lines as indicators of eye position are a useful application of this interference. However, monocularly visible objects are usually flanked by binocularly visible objects, which capture the directions of the monocular objects, making them independent of eye movements too (Erkelens & van Ee, 1997a,b) . Thus, the conclusion is that visual directions are independent of eye movements except in exceptional stimulus conditions, namely in dark and nearly empty spaces.
A consequence of the present findings is that the integration of left and right eye signals occurs after that retinal and oculomotor signals have been integrated for each eye separately. A likely assumption, not yet invalidated by physiological data, is that the same signals are involved in binocular perception of depth and direction. With respect to depth perception this assumption is at odds with the widely held idea that stereopsis is based on retinal disparities (Howard & Rogers, 1995) . The only exception is a recently developed model that is based on headcentric disparities (Erkelens & van Ee, 1998) . Headcentric disparities were defined as the left and right eye's headcentric directions, which are also the relevant signals for the perception of direction relative to the head. Erkelens and van Ee (1998) showed that their model describes the psychophysical results related to global disparity transformations and explains why stereoscopic perception is stable during eye movements.
In the 40 years since Wiesel (1959, 1962 ) discovered that receptive fields of binocular cells occupied corresponding positions in the two eyes, a vast number of physiological studies have reported about the properties of disparity detectors. Most work has been done on the organisation and characteristics of disparity detectors in relation to the properties of visual stimuli (Gonzalez & Perez, 1998) . Disparity detectors have been found in cortical visual areas V1, V2, V3, V3a, VP, MT and MST of monkeys. According to their tuning function, these detectors have been grouped into The angular position of the closed eye is irrelevant for visual perception. The results further suggest that visual signals suppress the oculomotor signals of the nonviewing eye. Suppression fails if the visual stimulus is too weak or too small. Such stimuli have often been used to study visual directions during monocular viewing. The present experiments show that these stimuli do not represent monocular viewing in daylight. The distinction between monocular viewing and binocular viewing of monocularly visible objects has not always been recognised in the literature. For example, visual directions during monocular viewing have been studied in binocular viewing conditions when a binocularly visible random-dot pattern was superimposed on the monocular stimulus in order to prevent phoria (Park & Shebilske, 1991) , or a Maddox rod was used to measure phoria (Ono & Weber, 1981) . Also occluders have been used which induced alternating viewing by the eyes (Ono & Gonda, 1978) .
Implications for binocular 6ision
Although the experiments described in this paper are relatively simple and psychophysical of nature, the conclusions have far reaching consequences for the neuronal organisation underlying the binocular perception of direction. The findings put a constraint on how the relevant signals are combined in stereoscopic vision. Visual direction evolves from signals coming from the two types of subsystems proposed by Gregory (1958) , namely, the retinal-image system and the eye -head system. Each of these subsystems, again, consists of two subsystems. In order to produce a visual direction signal, the four signals can be combined in two meaningful ways (Fig. 4) . One way is that pooled retinal signals combine with pooled oculomotor signals (Fig.  4a) . Ono (1991) favoured this possibility because it is consistent with the law of cyclopean projection, which states that objects on the visual axes of the two eyes are six categories (Poggio, 1991) and inter-and intra-receptive-field offsets (Freeman & Ohzawa, 1990 ) are believed to be the neural mechanisms of disparity detection. Nevertheless, many fundamental questions are not yet answered. We know only little about the relationship between disparity detection and visual perception. For instance, we do not know which types of cells are involved in stereopsis and which in the control of vergence eye movements or in both. Only recently it was suggested that simple cells in V1 may not be involved in stereopsis (Cumming and Parker, 1997) , but in the control of vergence eye movements (Masson, Bussettini & Miles, 1997) . Another unanswered question is whether binocular cells code for visual direction as well as for depth. Physiological studies did not yet show how retinal and oculomotor signals are combined in binocular vision. With respect to disparity detection it is generally believed that binocular cells are tuned to retinal disparity. However, this belief is more based on constraints in the experimental procedures of physiological studies than on direct evidence. In cat experiments the eye muscles were usually paralysed and in monkey experiments fixation points were used to stabilise the images on the retinas (Howard & Rogers, 1995) . Under such conditions the responses of the cells could not provide evidence in favour or against retinal or headcentric representations. In summary, we do not know which binocular cells are involved in the binocular perception of depth and direction. Nor do we know whether the disparity detectors in the relevant cortical areas are coding for retinal or headcentric disparities. The present results question the general belief that in binocular vision all oculomotor and retinal signals are first pooled within the oculomotor and retinal streams. The inevitable conclusion is that there also exist signals that are first pooled within the monocular streams.
The concept of cyclopean 6ision
According to Hering (1879 Hering ( /1942 visual direction follows from five laws or principles. Recently, the validity of the laws was tested in a number of stimulus and viewing conditions. Several studies showed that the laws do not hold if scenes containing more than a few isolated stimuli are used or if one eye is closed. Violations of Hering's laws were recently observed for:
Visual directions of objects near half-occlusions (Erkelens & van de Grind, 1994; Ono & Mapp, 1995; Erkelens, Muijs & van Ee, 1996) ; Visual directions of monocularly visible objects in the neighbourhood of binocularly visible objects (Erkelens & van Ee, 1997a,b; ; Visual directions during monocular viewing (this study).
These violations of Hering's laws, which frequently occur during viewing of natural scenes, show that the laws have restricted predictive value for judgements of visual direction in daily-life conditions. Ono (1991) concluded that the determinants of visual direction are visual lines (the points in space that project on a specific retinal position) and the common axis (defined as the line passing through the cyclopean eye and the intersection of the two visual axes). The present results show that this conclusion is not valid during monocular viewing. If one eye is closed, visual direction is independent of the angular position of the closed eye and, therefore, of the common axis. The common axis is a basic element of the concept of cyclopean vision. It follows from the view that the eyes act as one sensor of which only pooled information about its components, the individual eyes, is available to visual perception. The present findings show that this view is not correct.
